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Y - L.C. Astroloy contains a complex distribution of rounded cuboi;§{ Y' A

:«5 “;'. precipitates (0.1 Um edge dimension), cooling Y' (0.0l ¥m dia) and prior
::: p? cicle boundary particles of MC, Zr02, 0l—A1203 and M3B2; the majority of .
. ,‘:’ MC carbides were not found in conjunction with ZrO2 particles as was ‘:

o previously assumed. L
< AKth values were found to vary with specimen geometry with lower values ::;:
- é being associated with more symmetrical specimen geometries. With four-point ‘::':'_}

» < bend samples, AKth increased with increasing grain size, in agreement with R:::.::
.. previous findings. S
o v
:3 The present work has identified several anomalies which exist with '_::
k respect to crack closure measurements and their correlation of FCP rates. ::\'"\'.f

Closure values differed markedly in repeated K-decreasing threshold :'.:‘:;
determinations even though fatigue crack growth rates remained unchanged. ;::._.5_‘.'

_l:: The introduction of an artificial asperity in the wake of the crack tip in a \::’\
‘\j 2024 aluminum alloy gave rise to large measured values of closure which had E{Sﬁ:
~ little influence on the crack growth rates; apparently, crack closure had _:-?'.:“

little influence on associated crack growth rates. ::'-{:J

Based on experimental and analytical work LEFM principles break down in :zc:J
the "so-called anomalous" short crack regime at relatively high O/Oys ratios E\.E':;
(e.g., Olcys > 0.5). For example, a fractographic analysis of both long and !_:';

: short crack length specimens revealed different micromechanisms and \}'.‘;_.
o dissimilar development of shear lips at the same computed 4K levels. ::‘:-'\'::
:‘-: ‘ Analytical results also indicated that correlation of short crack data in ( \.:;'
3 ‘ terms of 8K is suspect since the near field crack tip stress-strain fields
,, | do not possess the required 1/Vr singularity necessary for the application
';: ‘\LIJ of LEFM. Short crack data only appear anomalous when plotted in terms of ( iy
- — AK, However, when short crack and long crack data are analyzed in terms of ::-{._::
- b the strain energy density criterion, excellent agreement is obtained. In ;u"
A c> addition, this driving force parameter can also account for mean stress :T‘_;‘-“
. g effects and rationalize differences in the macroscopic and microscopic :'
'-'.‘ fractographic features of long and short cracks. "-.:-.
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PROGRAM OBJECTIVES ?ff
N terele,
y The overall objective of this program was to characterize the fatigue ; :
3 crack propagation (FCP) behavior of powder metallurgy (PM)-hot isostatically ::'i“";E
) pressed (HIP'd) Astroloy nickel based alloy. The findings of this research &{.;'
i are particularly relevant to the proper design of gas turbine engine 'f"{l'
components, such as the turbine disk. Material, environment, load history ;.‘h
) and specimen geometry variables were examined as follows: :"_,'.
e
" Material variables: It has been shown that microstructural variations
in grain size and precipitate morphology can affect FCP rates when assessed :'j g
i according to linear elastic fracture mechanics (LEFM) principles. Although r~__
. these parameters are often difficult to control, the advent of powder _:‘j’ .
. metallurgy (P/M) processes have facilitated the development of alloys in ',’.;-j
s which control of grain size and precipitate distribution may be realized :‘,'_
without the possible detrimental influences of segregation effects. " .
N Accordingly, a study of the effects of grain size and y' precipitate ?E::?;EE:
N distribution on FCP response and localized crack tip deformation mechanisms ".;"-;.‘:::«
E was undertaken at both room temperature and 650°C in association with ;,:::‘_:i
’ various test frequencies and load ratios. The role of grain size on FCP n_"ﬂ
, resistance is of particular interest in light of recent findings which show ::‘::-':_’::J
; improved cracking resistance with increased grain size (e.g., Ref. 1-4). ::‘k:tg
’ Despite the obvious attractions of PM techniques some problems may be ::;"‘-.:j
) associated with its use in highly alloyed systems such as nickel based ':,:':_'%
§ superalloys. In addition to the problems associated with inherent porosity, .’ 3
- detrimental mechanical properties may result from the undesirable nature of ':‘j
the precipitation on the original powder particle boundaries (PPBs) (5-6). ?{3& A
The precipitates may restrict grain growth of the material thus limiting the "“_“
development of large grained materials; secondly, they cause a reduction in
Y the amount of specific elements available for the precipitation of 5
. beneficial phases; and thirdly, the PPB precipitates themselves may be _/ e
7 brittle and thus provide an easy fracture path. The nature of the d ‘?_:';!
. precipitates and possible methods of controlling the precipitation behavior = ::::'_:::":::
\ are therefore of importance. Therefore, an objective of the present work T :f::::s'.
was to investigate the nature of the second phase particles present in a PM B :::::’
; HIP'd nickel base superalloy. To this end, detection methods based on the a ""’—!
.; generation of x-ray spectra are limited either in terms of the elemental E _
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2
: detection capabilities or, in the case of EELS, in terms of the required
specimen thickness (7). A more efficient and direct guide to the LJJ%
N precipitates crystal structure and its related compositioﬁ has been obtained ;‘}?;
3 by considering the nature of the diffraction from individual second phase ﬁ%ﬁ;
N particles. In addition, the influence of various heat treatments after j::::
'ﬁ powder compaction on the incidence and distribution of the PPB precipitates ;:25
&2 was also investigated. ,}!
< <o
l: Influence of crack length: Recent studies (8-12) have shown that the .ﬂ{;
E absolute length of the fatigue crack can have a pronounced effect on FCP ::E:Z
1 rates. The growth characteristics of short cracks, whose depth and length s
‘N dimensions are generally less than 1-2 mm, have generated concern in the
N design community because of their "apparent anomalous' behavior when
S assessed according to LEFM principles; it 1is not uncommon to observe up to
" an order of magnitude or more higher FCP rates for short cracks when
o compared with FCP rates determined from long crack samples evaluated at the
EE same AK level. In addition, short cracks can also propagate at AK levels
i: below the so-called long crack threshold.
;: Because of the "apparent" anomalous behavior of short fatigue cracks "_;q
:: when correlated in terms of the stress intensity range, it was important to E:E:ﬁ
-: identify whether differences in failure micro-mechanisms are responsible for Exiﬁ
.E this anomalous behavior. To this end, the effect of various microstructural gﬁ%ﬁ
conditions on short fatigue crack growth were studied. In addition, it was S
i equally important to characterize the growth behavior of these short cracks i;f}
'i in terms of an alternative driving force parameter. For example, the Ei:ﬁ
:: anomalous behavior of short cracks when their associated FCP rates are &?E:
. correlated in terms of the stress intensity range, reflects the fact that f;ﬁq
;: the stress and strain distributions ahead of the crack tip do not possess ;ﬂ;g
iE the 1/¥r singularity presumed to exist for cases involving linear elastic fifi
g behavior. To this end, the applicability of the strain energy density :iﬁa
\ criterion to short fatigue crack growth was examined since this criterion :;g!
i may predict more realistic deformation fields. g&?:
RS
3 Influence of specimen geometry on FCP response: It has long been S?i;
“ assumed that FCP rates for a given material are similar for a given 4K Ef&ﬁ
o level, regardless of specimen geometry. Recently, however, Fine and co- :?ig
.? workers (13,14) reported that the threshold behavior of HY80 and type 1018 ;i;f
3 e
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steels varied with specir.:n geometry; lower AKth values were recorded with EE :,
symnetrically loaded center~cracked tension specimens as compared with RS
values obtained from asymmetrically loaded single edge-notched specimens, ,'}q;}
Since component life prediction depends strongly on threshold stress :Sﬁif
intensity values, it was considered necessary to examine the threshold E:t:;:
response of Astroloy as a function of specimen geometry. Consideration of :iifu
the observed discrepancies was given in terms of crack closure levels behind ?u;z;
the crack tip and the stress distribution and deformation behavior of the ;*ﬁ::
material affecting crack advance. 5;2:2
e

Applicability of crack closure measurements to the analysis of FCP

behavior: Crack closure is considered by some to be an important parameter
when describing crack growth in Region I (15,16). Generally, closure
arguments are used to explain the observed threshold behavior in many
materials and also used to normalize the effects of load ratio (mean stress
level) on crack growth behavior. From a design standpoint, it is important
to examine the usefulness and applicability of crack closure information

with regard to the prediction of FCP rates in a structural component and to

consider, if needed, the development of alternative correlation parameters.

A major objective of this report was to identify some areas of concern bﬂf:;
regarding the measurement of closure and its significance in analyzing FCP :ﬁ:;:
N
data. Also, the intention will be to examine the significance of crack :rt::f
AT

closure generated in conjunction with AK-decreasing test procedures

associated with FCP threshold determination. a
Variable amplitude loading: Since most structures experienre loads of .:
varying magnitude rather than constant amplitude, it was deemed important to :::

characterize the fatigue crack growth response of a component under random -
loading conditions. To this end, the effect of 50% tensile overloads iy
(typical in gas turbine disks) on the subsequent fatigue crack growth (at
24°C) was studied in terms of the base line stress intensity level and the N

material's microstructural condition. E;
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EXPERIMENTAL FINDINGS AND CONCLUSIONS

Material Characterization: Low Carbon (L.C.) Astroloy a powder metallurgy

(P/M), hot isostatically pressed (HIP'd) Ni-base superalloy was used in the
present investigation. The composition of the alloy is given in Table I.
Samples with differing grain sizes (5-50 pym) were produced by altering the
HIP and solution treatment procedures. Thermal treatments used in this
study are given in Table II along with material properties and specimen
designations. The L.C. Astroloy contains a complex distribution of second
phase particles. Studies revealed a distribution of rounded cuboidal Y'
precipitates of approximately 0.1 um edge dimension together with some y' of
approximately 0.0l6 um diameter (Fig. la). Second phase particles associated
with the original powder particle boundaries were also observed (Fig. Ib).
These individual particles have been identified using energy dispersive
x-ray analysis and convergent beam electron diffraction. Four distinct
types of particles have been observed: a cubic MC carbide in which M is
either titanjum or titanium plus molybdenum, a monoclinic phase Zr02, a
trigonal u—Alzo3 and a tetragonal M382 phase in which M is molybdenum or
molybdenum and chromium. The observations indicate that, although some MC
carbides are associated with the ZrO2 phase, the majority of the prior
particle boundary precipitates are separate entities (Fig. lc). HIP'ing or
subsequent heat treatments above or below the y' solvus were observed to
have little effect on the incidence or distribution of the precipitation
assoclated with the prior particle boundaries. In contrast, heat treatments
above the y' solvus resulted in the dissolution of the M3BZ phase and 1its
preferential precipitation on the grain boundaries. (For further details,

see Publications - Manuscript No. 5.)

To characterize the dislocation structure of L.C. Astroloy after cyclic
loading at 650°C, unnotched samples were cycled under load control at a load
ratio of 0.1 and at frequencies of 30 and 0.3 Hz. Specimens with grain
sizes of 5 and 26 um were sectioned perpendicular to the loading axis and
near to the fracture surface with thin films prepared for viewing in the

TEM.

The influence of grain size on the dislocation structure did not result
in a straightforward relationship since the observations depend on the

frequency of testing. At 30 Hz the 5 um grain sized material showed a low
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Table I.

Composition of HIP'd L.C, Astroloy (wt.%)

Co: 16.98; Cr: 14.80; Mo: 5.07; Al: 3.99; Ti: 3.58;

Fe: 0.21; Zr: 0.047; B: 0.026; C: 0.024; Si: 0.02;

Mn: 0.01; Cu: 0.01; W: 0.01; P: 0.003; N: 0.002;

S: 0.001; Ni balance

Table II. Specimen Thermal Treatments, Material

Properties and Designations

. Solution® Yield

Spec. H.I.P. Treatment Grain  Stress U.T.S.
No. 2h 2h Size (MPa) (MPa)
14,8 1107°C 1121°C 5 um 1110 1550
2A,B 1107°C 1149°C 13 um 1070 1460
3A,B 1107°C 1177°C 26 ym 965 1400
4A,B 1246°C 1149°C 50 um 910 1350
*

Note: A's correspond to specimens tested at room temperature

while B's correspond to specimens tested at 650°C.

+The Y' solvus was found to be in the temperature range of
1130-1140°C.
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Fig. 1. Microstructure of L.C.
Astroloy. a) y' precipitate
size distribution; b) precipi-
tates on prior particle
boundaries of three powder
particles; c¢) MC and ZrO
particles on PPB. In most
cases, the phases are separate.
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dislocation density with an inhomogereous dislocation structure evident
(Fig. 2a). Dislocations were generally confined to narrow slip bands with
few slip bands per grain. At the same frequency, the 26 um grain size
material revealed a similarly inhomogeneous dislocation structure but with a
much higher dislocation density (Fig. 2b). At 0.3 Hz the observatioms
differed. For the 5 um grain size a high density fine homogeneous
dislocation structure was evident (Fig. 2c¢) whereas the 26 um grain size
material showed the same inhomogeneous dislocation structure with a high

dislocation density within the slip bands (Fig. 2d).

What is puzzling is the sensitivity of the dislocation structure in the
5 um grain sized material to changes in frequency. With a 100 fold decrease
in the frequency, there is a drastic change in the dislocation structure
from inhomogeneous with a low dislocation density to homogeneous with a high
dislocation density. In contrast, the 26 um grain sized material shows

little change in dislocation structure with changing frequency.

Despite the differences in dislocation structure between these
conditions of either material or deformation, the only anomally in terms of
measured failure life was obtained on the 30 Hz test on the 26 um material.
All the other tests showed lifetimes of approximately 2 x 105 whereas the 30
Hz, 26 um test gave a lifetime of = 1 x 104 cycles. This anomally cannot be

simply rationalized in terms of the dislocation structures observed.

While the dislocation structure may be a unique combination of material
parameters and testing condition it is by no means established that a
particular dislocation structure is associated with a certain failure
lifetime. Hence a complete understanding of the behavior must reflect the
influence of testing variables such as temperature and frequency as well as
considering the material variables such as grain size and precipitate

structure. At present the results of this study do not provide a clear

understanding of this relationship and in particular do not provide a clear
and unambiguous understanding of the relationship to the specimen lifetime.

Additional studies are indicated.

o -., ) .v:

".{t'l"

Fatigue Crack Propagation--Long Crack Samples: The results of the fatigue

e e
R e

crack propagation tests using DC(T) specimens for the four microstructural
conditions examined in this study are shown in Figure 3. At R = 0.1 (Fig.

3a) threshold stress intensity values are observed to be relatively
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Fig. 3. Effect of grain size on FCP response of Astroloy for DC(T) samples. Grain sizes are:
1A-5 pm, 2A-13 um, 3A-26 ¥m and 4A~50 um. a) R = 0.1; b) R = 0.5.
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insensitive to changes in grain size. However, as shown in Figure 3b, IS

increasing R to 0.5 reveals a grain size dependence on AKth;
grain size yields higher threshold stress intensity levels. A comparison of

increasing >

these results with those obtained by King et al. (17) for L.C. Astroloy
indicates that AKth values obtained in this study are approximately two

times higher than those found by King et al. (17). In addition, the latter

results showed a grain size dependence at both R ratios of 0.1 and 0.5. At ‘:?ji,
higher crack growth rates in Region II, however, good agreement between the ;ii“
results of this study with those in (17) was obtained. A comparison of test f:g:
procedures between this work and that of King and co-workers reveals that g
the only significant difference was in the specimen geometries used. ;;fia

Additional threshold tests were, therefore, conducted using the four point
bend (4PTB) geometry similar to the three point bend (3PTB) geometry used by
King et al.

The near threshold FCP response of Astroloy evaluated with the 4PTB
configuration (R = 0.1) for grain sizes of 5, 26, and 50 um is presented in
Figure 4. Also shown in this figure are DC(T) FCP results from the 5 and
50 um grain size materials and the bend bar results from King (17). It is
clear from Figure 4 that there is good agreement between the 4PTB threshold
results of this study and the 3PTB threshold results of King (17). 1In
addition, a similar dependence of threshold stress intensity levels on grain
size is observed in both studies. Of greater significance, however, is the
apparent dependence of AKth values on specimen configuration; the crack
growth rates in the threshold regime for the DC(T) samples are considerably

lower than results obtained with the 4PTB configuration.

For a given value of AK in region I, crack growth rates were observed
to increase as the specimen loading became more symmetrical with respect to

the load line. As such, the DC(T) specimen exhibited lower growth rates

than the more symmetrically loaded CCT specimen. This dependence is
believed to be related to the interaction of the crack tip stress fields of
the various specimen configurations with the material's microstructure.
Elastic stress analysis by the finite element method revealed that for a
given 8K level, the CCT specimen possesses higher near crack tip Y-direction
stresses than the CT specimen, Figure 5. As a result, the damage zone in
the CT sample is smaller than that found in the CCT specimen at the same

applied AK level. It is therefore suggested that microstructural domination

11
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of crack growth will occur at higher AK levels for the CT specimen as

compared to the CCT specimen. (For further details, see Publications -

Manuscripts 1 and 8.)

The fatigue crack propagation response of Astroloy at 650°C and at a
cyclic frequency of 30 Hz is summarized in Figure 6 for R ratios of 0.1 and
0.5. It is clear that increasing temperature from 24°C to 650°C
significantly increases the crack propagation rate at a given AK level.
Although the growth rates measured in this temperature regime do not
correspond to threshold conditions, an increase in the gradient of the
da/dN-AK curves does occur with decreasing AK levels. It is worth noting,
however, that the results for R = 0.1 indicate that if the 650°C FCP tests
were continued to lower AK levels, AKth would be similar to the room

temperature AKt values. This trend is in agreement with those reported by

Hicks and King ?or a similar material (18). It is also apparent from these
results that at low to intermediate stress intensity values, there is a
significant influence of stress ratio on the crack growth rate. At high AK
levels, however, the influence of stress ratio diminishes. Little influence
of grain size on the FCP behavior of this material was revealed at either
stress ratio. (For further details pertaining to frequency influences and
fracture surface appearance for high temperature tests, see Publications -

Manuscript 10.)

An examination of the fracture surfaces in the different specimen
geometries revealed similar characteristics. In region II, both 4PTB and
DC(T) specimens revealed relatively smooth fracture surfaces covered with
fatigue striations. As the applied AK level was reduced from region II to
region I, the fracture surface revealed highly angular crystallographic
facets with larger facets found in the larger grained material. Although
this transition in fracture surface morphology occurs in all the specimen
geometries examined here, the AK level at which this transition occurred
varied with specimen configuration. In the DC(T) specimens the transitional
8K level was higher than that found in the bend geometries.

Fatigue Crack Propagation--Short Crack Samples: Bend specimens containing

short cracks (<300 ym) were machined from DC(T) samples and fatigue tested.

The crack growth rate results for the short crack configuration indicate a

dependence on both material properties and grain size, and the ratio of the
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?2 maximum applied stress to the yield stress (Om/dy) Figure 7a. As grain size e

by is increased or yield strength decreased, crack growth rates decrease for a e

. given value of AK, This difference in crack growth behavior increases for el

i decreasing values of AK. In addition, Figure 7a also reveals that as Om/O : _$:

‘?: is increased for a given material, crack growth rates increase at high AK _';i
levels; as one would expect, this effect becomes more pronounced as 4K NS
approaches Kc. ?:f:

: When long and short crack FCP results are plotted together as a
function of 8K (Fig. 7b) the short cracks are seen to grow up to an order of

. magnitude or more faster than the long cracks. Such anomalous behavior of

;{ short cracks has been attributed to several different mechanisms (19-21). T

,i Here, however, it 1s suggested that this anomalous behavior is attributed to

:i the improper use of LEFM principles, due to an inability in the stress

s' intensity factor to correctly describe the magnitude of the crack tip

" stress-strain field for the case of short cracks. Based on experimental and

" analytical work (performed during this contract period), it is clear that

2 LEFM principles break down in the "so-called" short crack regime at

3 relatively high O/Oys ratios (e.g., 0/0ys > 0.5). For example, a

. fractographic analysis of both long and short crack length specimens reveals

; different micromechanisms and dissimilar development of shear lips at the

3 same computed AK levels, Figure 8. The lack of correspondence between

- macroscopic and microscopic fracture surface appearance in short and long

- crack samples can dramatically compromise commonly used failure analysis N

E: techniques in the interpretation of failed service components. Analytical 3}§;

;: results also indicate that correlation of short crack data in terms of AK is ;iii

> suspect since the near field crack tip stress-strain fields do not possess .

; the required 1/7c singularity necessary for the application of LEFM. Short

5 crack data only appear anomalous when plotted in terms of 8K. However, when

A short crack and long crack data are analyzed in terms of the strain energy

density criterion (22-24), excellent agreement is obtained (Fig. 9). 1In

s addition, this driving force parameter can also account for mean stress and i:iﬁ
; temperature effects and rationalize differences in the macroscopic and :E?i
i microscopic fractographic features of long and short cracks. (For further E:i§
N details, see Publications - Manuscript No. 2.) o
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Applicability of Crack Closure Measurements to the Analysis of FCP Behavior:

The rapid decrease in crack growth rates associated with decreasing AK

EAAR, A

levels (at low values of 8K) is believed to be related to a significant ';
decrease in the effective crack driving force that results from a pronounced Ry
» )
Q. increase in the level of crack tip closure (Fig. 10). If crack growth rates .
~ ‘~

L,

A8 L

are correlated in terms of the effective cyclic stress intensity, AKeff

(Fig. 11), a normalization of the stress ratio influence on crack growth

»

rates occurs in region II where Elber-type (25,26) closure mechanisms are

YARAS

believed to occur. However, in the near threshold regime (region I) where

/

. ¥
|

closure due to crack deflection and/or asperity interference is believed to

e dominate (16,27), significant scatter in crack growth rate data arises. s
~ AR
;3 Similar results have been reported previously by Stofanak et al. (28).

Pe ..

:f Additional evidence supporting the nonuniqueness of closure in region I ORI

is presented in Figure 12. Figure 12a reveals (for the 50 um grain size

«

material) significantly different crack closure values from two separate ;ﬁ}i
K-decreasing procedures performed on the same specimen. If crack closure ;ijij
truly influences near threshold behavior then one would expect to see very ?Eﬁ%
different crack growth rate behavior between these two tests when evaluated T
in terms of AKapplied' As shown in Figure 12b however, the crack growth E;E;é
rate data are in excellent agreement. Similar results were obtained for the ﬁ(ii
26 um grain size material. Identical FCP rate behavior with differing crack i;js
closure information suggests that such closure measurements do not reflect a ﬂuu,
material characterization as suggested in (16,27,29,30) but rather represent
an artifact of the testing procedure (31,32) and/or specimen configuration.
The introduction of spurious asperity (i.e., a needle tip) into the
wake of the crack tip enabled one to study the effect of known artifically
induced levels of closure on the crack growth rate. Cracks were propagated
at a constant baseline stress intensity (AKb) in a 2024 aluminum alloy with
45-50% and 60-707% levels of closure being artifically introduced. The
results of these tests indicate that the crack growth rate changed
marginally despite a dramatic increase in apparent closure levels associated
with the introduction of the spurious crack face asperities. Comparison of
these FCP data with other data for 2024 aluminum, indicates that the
observed crack growth rates were approximately an order of magnitude higher
than would be expected from the level of AKeff defined by the measured
closure value. ';f
. -
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In the cases examined here, it is clear that the macroscopic crack ;:{:
closure level which has been measured bears little relation to the actual i{{f

situation at the crack tip. Though it is recognized that the measurement of e
crack closure is sensitive to events in the wake of the crack tip, closure .

levels depend also on crack surface conditions remote from the crack tip.

For this reason, incorporation of macroscopic crack closure measurements to N
the analysis of fatigue fracture processes at the crack tip appears
controversial. Clearly more study is indicated. 1In addition, the

K-decreasing procedure used to obtain AKt is called into question in that

h
it may produce an overestimate of a material's intrinsic FCP resistance

through the development of excessive amounts of closure. Furthermore, it
has been concluded that at least part of the difference between long and

short crack propagation data may be traced to anomalously low FCP rates

associated with long crack samples., (For further details, see Publications

- Manuscripts 6 and 9.) SIS

Variable Amplitude Loading: The effect of 507% single peak tensile overload T
cycles was determined for the Astroloy alloy for three different grain sizes .E?f
(Table III). The large cyclic delays observed indicate that this material

is extremely sensitive to the application of tensile overload cycles. The

observed trend of decreasing cyclic delay with increasing AKbase is o
consistent with overload response associated with plane strain conditions A
(3,33-35). (For further details, see Publications - Manuscripts No. 1 and

10.) .
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